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ABSTRACT

Background. White matter hyperintensities (WMHs) are hyperintense lesions ob-
served on magnetic resonance imaging (MRI) and are unique imaging indicators of
cerebral small vessel diseases. WMH-related white matter alterations have been corre-
lated with cognitive impairment and cerebrovascular pathology. Some studies suggest
that vascular hemodynamic changes contribute to WMH development, ultimately
leading to vascular dementia (VaD). However, the association between WMH burden
and VaD remains inconclusive. This meta-analysis aimed to quantify the relationship
between WMH volume and VaD severity and to clarify the role of WMHs in VaD
pathogenesis.

Methods. A systematic literature search was performed using the MEDLINE, EMBASE,
and Cochrane Library databases. A total of 15 studies with 4,061 patients were selected.
The meta-analysis was performed using the RevMan software (version 5.4) and Stata
software (version 14.0). All the patients underwent brain MRI to assess WMH volumes
or levels, and compared the differences in WMH levels among the VaD group, the
non-cognitively impaired (NCI) group, the cognitively impaired no dementia (CIND)
group, and the Alzheimer’s disease (AD) group.

Results. The meta-analysis showed that all patients in the VaD group had high white
matter signals on brain MRI. They also had higher WMH volumes compared to patients
in the NCI, CIND, and AD groups. WMH correlated with cerebrovascular pathology,
with irregular and periventricular WMHs being more specific to VaD. Sensitivity
analyses were performed to identify sources of heterogeneity, while funnel plot and
Egger’s test suggested potential publication bias.

Conclusions. Patients with VaD exhibit significantly greater WMH than those with
AD, NCI, and CIND, reinforcing the role of cerebrovascular pathology in VabD.
These findings emphasize the need for standardized imaging assessments, multi-modal
biomarkers, and the development of predictive models to enhance early diagnosis,
personalized risk assessment, and targeted therapeutic strategies for VaD.

Subjects Geriatrics, Neurology
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INTRODUCTION

Vascular dementia (VaD) is the second most common type of dementia after Alzheimer’s
disease (AD), accounting for approximately 15-20% of dementia cases worldwide (Kalaria,
2018). It is primarily caused by cerebrovascular pathology, including ischemic strokes,
small vessel disease, and white matter hyperintensities (WMHs), all of which contribute
to progressive cognitive decline (Wahlund et al., 1994). Among these, cerebral small vessel
disease (CSVD), is a major contributor to VaD (Wardlaw et al., 2017). CSVD has been
suggested to be associated with cognitive deficits, depression, stroke, and other neurological
diseases in the aging population (Hainsworth, Markus ¢ Schneider, 2024; Sperber et al.,
2024). The pathogenesis of VaD is closely associated with chronic cerebral hypoperfusion,
blood-brain barrier dysfunction, and impaired neurovascular coupling, ultimately leading
to neuronal injury and cognitive impairment (Gorelick et al., 2011).

Vascular endothelial damage occurs from various causes, including hypertension,
chronic infection, inflammation and a high-salt diet (Conijn et al., 2011; Thara &
Yamamoto, 2016; Wardlaw, Smith ¢ Dichgans, 2019). This damage leads to the destruction
of the blood-brain barrier (BBB), which is the key pathophysiological mechanism for
the occurrence of CSVD (Bir ¢ Kelley, 2022; Wardlaw, Smith ¢ Dichgans, 2013). CSVD
is detectable by magnetic resonance imaging (MRI), and white matter hyperintensity
(WMH) is a unique feature of CSVD (Debette ¢» Markus, 2010; Shahid et al., 2024). Other
abnormalities such as subcortical infarcts, brain atrophy, cerebral microbleeds and inflamed
perivascular spaces are observed in CSVD patients (Kalaria, 2012; Karch et al., 2013).

Numerous studies have investigated MRI T2-weighted WMHs as markers of small
vessel cerebrovascular pathology and ischemia. The prevalence and severity of WMHs are
associated with cardiovascular risk factors, aging and cognitive impairment, particularly
in individuals with mild cognitive impairment, VaD and other cerebrovascular diseases.
WMHs particularly affect executive function, with additional impacts on memory and
global cognition (Altamura et al., 2016; Habes et al., 2016; Hase et al., 2018; Silbert et al.,
2008; Sperber et al., 2024).

WMHs are widely recognized as markers of CSVD and are frequently observed in MRI
scans. Research has suggested that it is associated with the incidence of cognitive deficits
(Kloppenborg et al., 2014; Sivakumar et al., 2017). As WMHs have various clinical symptoms
and imaging displays, it is difficult to detect WMHs at the early stage. Furthermore, the
mechanism underlying the development of WMH remains unclear, making it difficult
to prevent and treat WMH-related diseases. The probable pathological mechanism is
nerve fiber demyelination due to chronic cerebral ischemia caused by CSVD (Pendlebury ¢
Rothwell, 2019). WMHs have been suggested to be related to the incidence and pathological
mechanisms of VaD. WMH-related cognitive decline is mainly characterized by slowed
information processing, executive dysfunction, and ultimately progression to dementia
(Brainin et al., 2015; Gunning-Dixon ¢ Raz, 2000).

Although the relationship between WMHs and VaD has been extensively studied, the
available evidence remains inconclusive (Hu et al., 2021). Some studies have reported
an association between WMH burden and VaD, suggesting that vascular hemodynamic
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changes contribute to white matter alterations, ultimately, leading to VaD or cognitive
deficits (Ye et al., 2018). However, other studies have found no significant relationship.
This inconsistency may result from differences in experimental design, sample sizes, or
measurement techniques among studies. To reach an objective conclusion, it is essential
to perform a pooled analysis investigating the relationship between WMH and VaD via a
comprehensive literature search.

This study aims to quantitatively assess the effect of WMH on the risk of VaD, especially
the relationship between WMH volume and VaD. We conducted a meta-analysis to evaluate
the association between WMH volume and VaD, severity and to clarify the significance
of WMH for VaD pathogenesis. At the same time, we compared the differences in WMH
volumes among VaD patients, AD patients, non-cognitively impaired (NCI) patients and
cognitively impaired no dementia (CIND) patients.

MATERIALS AND METHODS

This meta-analysis was conducted following the guidelines outlined in the Cochrane
Handbook of Systematic Reviews of Interventions and the Preferred Reporting Items for
Systematic Reviews and Meta-analysis guidelines (PRISMA) (Higgins et al., 2021; Page et
al., 2021). The study protocol has been registered in PROSPERO under the registration
code CRD42024588919.

Study selection

A systematic literature search was performed across the EMBASE, MEDLINE, and
Cochrane Library (Cochrane Database of Systematic Reviews) databases. Publications
from the inception of these databases until April 9, 2024 were reviewed. The search terms

PRI

included “white matter hyperintensities”, “WMH?”, “white matter high signal”, “Magnetic
Resonance Imaging”, “MRI”, “leukoaraiosis”, “Dementia, Vascular”, “vascular dementia,”
and “VaD”, both in full and truncated versions.

Following the initial search, studies investigating the relationship between WMHs
and VaD were selected. The full texts of relevant studies were viewed, and inclusion was
determined based on the following criteria: (1) a prospective or prospective cross-sectional
and longitudinal studies with a population-based or case-control design; (2) MRI-based
brain imaging for the identification of WMHs; (3) diagnosis of VaD based on established
clinical criteria (Cohen et al., 2002); (4) explicit investigation of the relationship between
WMHs and VaD; and (5) setting VaD as the dependent variable and WMH as the
independent variable. Studies were excluded if they (1) examined broad neurological
disorders, including Alzheimer’s disease and Parkinson’s disease, (2) did not examine the
relationship between WMHs and VaD or (3) were categorized as short reports, literature
reviews, letters, editorial commentaries, or conference abstracts.

Data extraction and quality assessment

Two independent reviewers assessed the final set of selected articles using a standardized
data extraction form. When necessary, the reviewers contacted the authors of a certain
study to identify the experimental procedures. The search strategy and data extraction were
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independently conducted by Wei Luo and Zhigiang Dai. Any disagreements that arose
during the search and selection process were discussed between Wei Luo and Zhigiang
Dai. Final decisions were made by the third-party corresponding author, Dr. Yang Zhang,
who served as the referee. The following data were collected: name of the first author,
publication year, country/region, age, sex ratio, research type, the detection method of
VaD, and the WMH values of the VaD group and other control groups.

Statistical analysis

Statistical analyses were performed using RevMan software (version 5.4, Cochrane
Collaboration, Oxford, UK) and Stata software (version 14.0, Stata Corporation, College
Station, TX, USA). A random effect model was applied for analysis. For continuous
variables, the standardized mean difference (SMD) with a 95% confidence interval (CI)
was calculated, and results were visualized in forest plots. If more than 10 studies were
included, publication bias was assessed using a funnel plot and Egger’s test (Egger et al.,
1997). If significant publication bias was detected, trim-and-fill analysis was employed to
adjust for the bias. Heterogeneity among the selected studies was assessed using the I? test,
and corresponding 95% Cls were reported. Statistical significance was set at P < 0.05.

RESULTS

Characteristics of the included studies

The PRISMA flowchart is presented in Fig. 1. Our initial literature search identified 551
studies from the EMBASE, MEDLINE, and Cochrane Library databases, of which 159 were
duplicates. Using relevant keywords, our primary literature search identified 392 records
from the databases. A total of 361 studies were excluded from our analysis because of
failure to meet the study criteria. According to the inclusion and exclusion criteria, 15
studies were finally included in the analysis. These studies published between 1994 and
2024, involved a total of 4,061 patients, with 1,243 in the treatment group (VaD), and 2,818
in the control group (Altamura et al., 2016; Barber et al., 1999; Bokde et al., 2002; Chia et
al., 2024; Gootjes et al., 2004; Han et al., 2021; Ji et al., 2017; Logue et al., 2011; Purandare et
al., 2008; Robert et al., 2022; Song et al., 2022; Staekenborg et al., 2010; Tanabe et al., 1999;
Varma et al., 2002; Wahlund et al., 1994). Among these, 12 studies specifically reported on
the relationship between VaD and WMH volume (Table 1). The diagnostic methods for
VaD varied across the 15 studies, including NINDS-AIREN and DSM-IV.

Meta-analysis and heterogeneity analysis

Eight studies compared WMH volume between VaD patients and those in the NCI group
(Chia et al., 2024; Gootjes et al., 2004; Han et al., 2021; Ji et al., 2017; Logue et al., 2011;
Robert et al., 2022; Song et al., 2022; Tanabe et al., 1999). A random effects model and SEM
analysis demonstrated that the WMH volume was significantly higher in the VaD group
than in the NCI group (SMD = 1.33; 95% CI [1.03-1.62], P = 0.0009, 12 = 72%; Fig. 2A).
Sensitivity analysis identified the study by Logue ef al. (2011) as the primary source of
heterogeneity. When this study was excluded, heterogeneity was reduced to 41%, and the
effect size changed to SMD = 1.41, 95% CI [1.14-1.69], P =0.12, I = 41% (Fig. 2B). The
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Figure 1 Prisma flowchart of the meta-analysis.
Full-size Eal DOI: 10.7717/peerj.19460/fig-1

high heterogeneity may be attributed to the large sample size in the study by Logue et al.
(2011).

Four studies examined differences in WMH volume between VaD and CIND patients
(Chia et al., 2024; Robert et al., 2022; Song et al., 2022; Staekenborg et al., 2010). Meta-
analysis using a random effects model and SEM analysis, indicated that WMH volume was
significantly higher in VaD patients compared to CIND patients (SMD = 1.34, 95% CI
[0.78-1.91], P = 0.002, I> = 80%; Fig. 3A). Sensitivity analysis identified (Stackenborg et al.,
2010) as the main contributor to heterogeneity. After excluding this study, heterogeneity
reduced to 31%, and the effect size was reduced to SMD = 1.07, 95% CI [0.72-1.43],

P =0.24,1?> = 31% (Fig. 3B). The high WMH volume reported by Stackenborg et al. (2010)
may have contributed to the observed heterogeneity.

Eleven studies compared WMH volume between VaD and AD patients (Altamura et
al., 2016; Chia et al., 2024; Gootjes et al., 2004; Han et al., 2021; Ji et al., 2017; Logue et al.,
2011; Purandare et al., 2008; Robert et al., 2022; Song et al., 2022; Staekenborg et al., 2010;
Wahlund et al., 1994). The random effects model and SEM analysis showed that WMH
volume was significantly higher in VaD patients than in AD patients (SMD = 0.93, 95%
CI [0.61-1.25], P < 0.00001, I* = 88%; Fig. 4A). Sensitivity analysis identified (Logue et
al., 2011; Staekenborg et al., 2010) as the largest sources of heterogeneity. Excluding these
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Table 1

Characteristics of the included studies. Note. Robert et al. (2022), Altamura et al. (2016), Ji et al. (2017), Han et al. (2021 ), Tanabe et al.

(1999), Gootjes et al. (2004), Logue et al. (2011), Purandare et al. (2008), Chia et al. (2024), Staekenborg et al. (2010), Wahlund et al. (1994), Song et al.
(2022), Barber et al. (1999), Bokde et al. (2002), Varma et al. (2002).

First author Year  Country Research VaD diagnosed by = Cases  Sex Age Total WMH
type (n) (% (mean =% SD) volume
female) (mean % SD)
(mL)
Caroline Robert 2022 Singapore Retrospective ~ NINDS-AIREN 21 33.3% 74.67 £ 7.07 10.29 + 3.49
Claudia Altamura 2016 Italy cross- NINDS-AIREN 31 29.0% 80.7+ 3.8 146.07 £ 355.8
sectional
study
Fang Ji 2017 Singapore Retrospective ~ NINDS-AIREN 19 57.9% 741+ 7.2 9.2+4.6
Ji Won Han 2021 South Korea Retrospective ~ DSM-IV 82 67.1% 77.37 & 5.31 47.98 £ 31.55
Jody L. Tanabe 1999 US Retrospective ~ MRI, clinical de- 15 40.0% 79.5+ 5.6 2.40 + 1.40
mentia rating
L. Gootjesa 2004 Germany, Retrospective ~ NINDS-AIREN 20 35.0% 72.3+ 10.2 24.53 £ 28.19
Netherlands
M. W. Loguea 2011 US Retrospective ~ NINDS-AIREN 826 60.2% 73.52+ 9.14 30.32 + 26.37
N Purandare 2008 UK Retrospective ~ NINDS-AIREN 51 47.1% 769+ 6.9 9.3+6.4
Rachel S. L. Chia 2024  Singapore Case—control, NINDS-AIREN 23 34.8% 75+ 9 14.6 & 21.6
Cross-
sectional
study
S.S. Staekenborg 2010 Netherlands Retrospective ~ NINDS-AIREN 34 32.4% 71+ 9 45.6 +31.4
Wahlund, L. O. 1994 Sweden Retrospective ~ DSM-III-R di- 31 71.0% 79+ 1 1.89 £ 1.7
agnostic criteria,
NINCDS-ADRDA
Yang Song 2022 China Retrospective ~ NINDS-AIREN 24 25.0% 65.96 + 7.22 4.54 £ 1.53
R Barber 1999 UK Retrospective ~ NINCDS/ADRDA 25 40.0% 76.8+ 7 WMH frontal = 5,
and dementia with 5>11 mm
Lewy bodies con-
sensus criteria
A.L.W. Bokde 2002  Germany Case-control ~ NINDS-AIREN 10 677+ 7.8 WMH densities
study 10-4/mm:
Frontal:
44.83 £+ 61.26;
Temporal:
3.69 £ 2.73;
Parietal:
50.91.23 + 55.58;
Occipital:
11.62 + 12.46
Varma AR 2002 UK Retrospective ~ NINCDS-ADRDA 31 45.2% 65.41+ 7.96 Grade 1: 6 == 19.4;

Grade 2: 12 £ 38.7;
Grade 3: 5 £ 16.1

two studies reduced heterogeneity to 49% and resulted in an adjusted effect size of SMD
= 0.85, 95% CI [0.62—1.08], P = 0.05, I> = 49% (Fig. 4B). The high sample sizes in these

studies may explain the observed heterogeneity.
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a VaD NCI Std. Mean Difference Std. Mean Difference
__Study or Subgroup Mean SD_Total Mean SD_Total Weight 1V, Rand 95% Cl 1V. 95% Cl
Caroline Robert 2022 10.29 3.49 21 574 3.68 74 12.5% 1.24[0.72, 1.76] T
Fang Ji 2017 9.2 4.6 19 4.3 23 30 10.3% 1.43[0.78, 2.08]
Ji Won Han 2021 47.98 31.55 82 1223 128 82 16.0% 1.48[1.13, 1.82] -
Jody L. Tanabe 1999 24 14 15 067 064 16 7.9% 1.57 [0.75, 2.38] -
L. Gootjesa 2004 24.53 28.19 20 155 212 22 10.1% 1.16 [0.50, 1.82] =
M. W. Loguea 2011 30.32 26.37 826 8.97 1526 756 20.1% 0.98 [0.88, 1.08] -
Rachel S. L. Chia 2024 146 216 23 1.4 3.9 32 1.7% 0.91[0.35, 1.48] -
Yang Song 2022 454 153 24 155 1.34 62 11.5% 2.12[1.55, 2.70] e
Total (95% Cl) 1030 1074 100.0% 1.33 [1.03, 1.62] L 4
Heterogeneity: Tau? = 0.11; Chiz = 24.62, df = 7 (P = 0.0009); I2 = 72% ’_4 2 o 2 "
Test for overall effect: Z = 8.91 (P < 0.00001) NCI VaD
b VaD NCI Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV. Random, 95% CI IV. Random % CI
Caroline Robert 2022 10.29 3.49 21 574 3.68 74 15.9% 1.24[0.72,1.76] =
Fang Ji 2017 9.2 4.6 19 4.3 23 30 12.1% 1.43[0.78, 2.08] s
Ji Won Han 2021 47.98 31.55 82 1223 128 82 22.9% 1.48[1.13, 1.82] -
Jody L. Tanabe 1999 24 14 15 067 0.64 16  8.7% 1.57[0.75, 2.38] -
L. Gootjesa 2004 2453 28.19 20 155 212 22 11.8% 1.16 [0.50, 1.82] =
M. W. Loguea 2011 30.32 26.37 826 897 1526 756 0.0% 0.98 [0.88, 1.08]
Rachel S. L. Chia 2024 146 216 23 14 3.9 32 14.4% 0.91[0.35, 1.48] -
Yang Song 2022 454 153 24 155 134 62 14.1% 2.12[1.55, 2.70] =
Total (95% CI) 204 318 100.0% 1.41[1.14, 1.69] <&
Heterogeneity: Tau? = 0.06; Chi? = 10.22, df = 6 (P = 0.12); I = 41% ’4 g o t 4‘
Test for overall effect: Z = 10.02 (P < 0.00001) NCI VvaD

Figure 2 Meta-analyses forest plot of WMH volume between patients with VaD and NCI. Note. Robert
etal. (2022), Jiet al. (2017), Han et al. (2021), Tanabe et al. (1999), Gootjes et al. (2004), Chia et al. (2024),

Song et al. (2022), Logue et al. (2011).

Full-size Gl DOI: 10.7717/peer;j.19460/fig-2

a VaD CIND Std. Mean Difference Std. Mean Difference
r re Mean D Total Mean D Total Weight IV. Random. 95% Cl IV. Random, 95% Cl

Caroline Robert 2022 1029 349 21 6.57 3.4 99 25.3% 1.08 [0.59, 1.57] =
Rachel S. L. Chia 2024 146 216 23 37 M 97 25.7% 0.80[0.33, 1.26] —=—
S.S. Staekenborg 2010 456 31.4 34 69 99 86 25.5% 2.07 [1.59, 2.54] -
Yang Song 2022 454 153 24 228 156 36 23.5% 1.44 [0.86, 2.02] ——
Total (95% Cl) 102 318 100.0% 1.34[0.78, 1.91] -
Heterogeneity: Tau? = 0.27; Chi = 15.32, df = 3 (P = 0.002); I = 80% ” A p S i
Test for overall effect: Z = 4.65 (P < 0.00001) CIND VaD
b VaD CIND Std. Mean Difference Std. Mean Difference

ti or Subgr: Mean D Total Mean D Total Weigh IV, Random, 95% Cl IV. Random, 95% CI
Caroline Robert 2022 1029 349 21 657 341 99 35.0% 1.08 [0.59, 1.57] —.—
Rachel S. L. Chia 2024 146 216 23 37 11 97 375% 0.80 [0.33, 1.26] —u
S.S. Staekenborg 2010 456 314 34 69 99 86 0.0% 2.07 [1.59, 2.54]
Yang Song 2022 454 1.53 24 228 1.56 36 27.5% 1.44 [0.86, 2.02] BN
Total (95% CI) 68 232 100.0% 1.07 [0.72, 1.43] &>
Heterogeneity: Tau? = 0.03; Chi = 2.89, df = 2 (P = 0.24); I2= 31% B 2 o 2 4=
Test for overall effect: Z = 5.94 (P < 0.00001) CIND VaD

Figure 3 Meta-analyses forest plot of WMH volume between patients with VaD and CIND. Note.
Robert et al. (2022), Chia et al. (2024), Staekenborg et al. (2010), Song et al. (2022).
Full-size & DOI: 10.7717/peerj.19460/fig-3

Three studies (Barber et al., 1999; Bokde et al., 2002; Varma et al., 2002) could not be
included in the meta-analysis due to insufficient data; however, their findings were generally
consistent with the meta-analysis results. Barber et al. (1999) reported significantly higher
WMH scores in the VaD group (WMH frontal score = 5) compared to the normal control
group (WMH score = 0). Bokde et al. (2002) reported that WMH density was significantly
higher in all four brain regions in VaD patients than in healthy controls (P < 0.05).
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a VaD AD Std. Mean Difference Std. Mean Difference
__Study or Subgroup Mean SD_Total Mean SD_Total Weight V. Random, 95% Cl IV, Rand 95% Cl

Caroline Robert 2022 10.29 3.49 21 8.17 3.66 78 8.9% 0.58 [0.09, 1.07] -

Claudia Altamura 2016~ 146.07 355.8 31 344 1295 49 9.1% 0.46 [-0.00, 0.91] =

Fang Ji 2017 92 46 19 5 13 41  80% 1.49[0.88, 2.10] -

Ji Won Han 2021 47.98 31.55 82 18 17.45 82 10.0% 1.17 [0.84, 1.50] -

L. Gootjesa 2004 2453 28.19 20 377 3.96 25 7.8% 1.08 [0.44, 1.71]

M. W. Loguea 2011 30.32 26.37 826 19.06 2218 655 11.1% 0.46 [0.35, 0.56] -

N PURANDARE 2008 9.3 6.4 51 5.9 58 57 9.7% 0.55[0.17, 0.94] -

Rachel S. L. Chia 2024 146 216 23 53 107 46 8.7% 0.61[0.09, 1.12] =

S.S. Staekenborg 2010 456 314 34 9 147 210 9.5% 2.04[1.63, 2.44] -

Wahlund, L. 0.1994 189 17 31 029 163 23 83% 0.94[0.37, 1.51] -

Yang Song 2022 454 153 24 284 184 64 8.9% 0.96 [0.47, 1.45] —r

Total (95% CI) 1162 1330 100.0% 0.93 [0.61, 1.25] &

Heterogeneity: Tau? = 0.24; Chi? = 80.10, df = 10 (P < 0.00001); I2 = 88% k o 2 53 2 4‘

Test for overall effect: Z = 5.67 (P < 0.00001) vaD AD

b VaD AD Std. Mean Difference Std. Mean Difference
__Study or Subgroup Mean SD_Total Mean SD_Total Weight V. 95% Cl [\ 95% ClI

Caroline Robert 2022 1029 3.49 21 817 366 78 11.1% 0.58 [0.09, 1.07] %

Claudia Altamura 2016~ 146.07 3558 31 344 1295 49 11.9% 0.46 [-0.00, 0.91] _'_

Fang Ji 2017 9.2 4.6 19 5 1.3 41 8.6% 1.49[0.88, 2.10] =

Ji Won Han 2021 47.98 31.55 82 18 17.45 82 15.4% 1.17 [0.84, 1.50] =

L. Gootjesa 2004 2453 28.19 20 3.77 3.96 25 8.2% 1.08 [0.44, 1.71] -

M. W. Loguea 2011 30.32 2637 826 19.06 2218 655 0.0% 0.46 [0.35, 0.56]

N PURANDARE 2008 93 64 51 59 58 57 13.8% 0.55[0.17, 0.94] -

Rachel S. L. Chia 2024 146 216 23 53 107 46 10.6% 0.61[0.09, 1.12] -

S.S. Staekenborg 2010 456 314 34 9 147 210 0.0% 2.04 [1.63, 2.44]

Wahlund, L. 0.1994 189 17 31 029 163 23 93% 0.94[0.37, 1.51] -

Yang Song 2022 454 153 24 284 184 64  11.0% 0.96 [0.47, 1.45] -

Total (95% Cl) 302 465 100.0% 0.85[0.62, 1.08]

Heterogeneity: Tau? = 0.06; Chi2 = 15.78, df = 8 (P = 0.05); |2 = 49% F 7 2 o 2 4=

Test for overall effect: Z = 7.40 (P < 0.00001) VaD AD

Figure 4 Meta-analyses forest plot of WMH volume between patients with VaD and AD. Note. Robert
et al. (2022), Altamura et al. (2016), Ji et al. (2017), Han et al. (2021), Gootjes et al. (2004), Logue et al.
(2011), Purandare et al. (2008), Chia et al. (2024), Stackenborg et al. (2010), Wahlund et al. (1994), Song

etal. (2022).
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Additionally, within each group, WMH density was significantly higher in the frontal and
parietal lobes than in the temporal and occipital lobes (P < 0.05). Varma et al. (2002)
reported that grade III deep white matter hyperintensities (DWMH) were specific to VaD

when compared to normal controls and AD patients.

Publication bias
Publication bias was assessed using funnel plots when more than 10 studies were included.

The funnel plot comparing WMH volume between the VaD and AD groups is presented in

Fig. 5, with four studies outside of the plot boundaries, suggesting potential publication bias.

Egger’s test further indicated possible publication bias or methodological heterogeneity

across studies (P = 0.043, Fig. S1). Trim-and-fill analysis imputed six missing studies,
which increased the pooled effect size from 0.644 (95% CI [0.559-0.728]) to 1.606 (95%
CI [1.487-1.735]), suggesting that smaller negative studies may have been omitted from

the initial analysis (Fig. 52).

DISCUSSION

Recent meta-analyses and longitudinal studies have established that WMHs are associated

with an increased risk of cognitive decline and dementia. A meta-analysis indicated that

WDMHs were linked to a 35% increased risk of progression from cognitively unimpaired
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Figure 5 Funnel plot of effect sizes for VaD group vs. AD group included in the meta-analysis.
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to mild cognitive impairment (MCI) and a 49% increased risk of progression to dementia
(Wahlund et al., 1994). Additionally, Longitudinal evidence supports WMH progression
as a prognostic biomarker in vascular cognitive impairment, with its expansion predicting
accelerated cognitive decline, transitions to MCI and dementia, particularly in individuals
harboring modifiable vascular risk factors such as hypertension (Alber et al., 2019). These
findings highlight the importance of advanced imaging techniques in tracking WMH
progression and its impact on cognitive decline. However, whether changes in WMH
volume precede and independently predict VaD progression remains unclear. Our
comprehensive meta-analysis confirms that higher WMH volume is associated with
VaD, supporting that WMH-related vascular injury contributes to cognitive impairment.

One key objective of this study was to assess the association between WMH burden and
VabD severity. Our findings indicate that patients in the VaD group exhibited significantly
higher WMH volumes compared to patients in the AD, NCI, and CIND groups. This
highlights the importance of WMH as a distinguishing feature of VaD, supporting its
role in vascular cognitive impairment. Previous studies have shown that the extent of
WMH correlates with global cognitive decline, executive dysfunction, and processing
speed deficits, which are characteristic of VaD (Cao et al., 2021).

Additionally, WMHs are closely linked to carotid stiffness, a known risk factor for
VaD. Robert et al. (2022) reported a significant association between carotid stiffness and
WMH, suggesting that carotid stiffness may impair cerebral microcirculation, leading
to WMH accumulation and ultimately contributing to VaD. As a marker of CSVD,
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WMH may serve as a critical link between vascular pathology and cognitive impairment.
Moreover, advancements in MRI segmentation techniques, such as the landmark-based
fast brain region segmentation method described by Bokde et al. (2002) offer the potential
for improved diagnostic accuracy in neurodegenerative and cerebrovascular diseases.

Beyond WMH volume, morphological characteristics also appear to play a role in
VaD pathology. Han et al. (2021) reported that irregularly shaped WMHs are associated
with cerebrovascular components of cognitive impairment. Compared to AD, VaD is
more strongly linked to widespread deep and periventricular WMH lesions, which may
reflect chronic hypoperfusion and small vessel disease. Similarly, Purandare et al. (2008)
identified a significant negative correlation between DWMH severity and spontaneous
cerebral emboli in VaD patients, suggesting that extensive ischemic contributes to VaD
development. Logue et al. (2011) conducted a large-scale study involving 826 VaD patients
and demonstrated that WMH severity correlates with cognitive decline, likely due to
its impact on cerebral microcirculation. Their findings further reinforce the association
between WMH burden, vascular pathology, and global brain atrophy in VaD patients.

To further clarify the role of WMH in VaD pathogenesis, we compared WMH volumes
across different cognitive impairment groups. Our results revealed that: VaD patients had
the highest WMH, supporting its association with small vessel disease. AD patients had
lower WMH volumes than VaD but higher than NCI and CIND, suggesting a contribution
of cerebrovascular pathology. CIND patients had intermediate WMH levels, indicating
potential involvement before dementia onset. NCI patients had the lowest WMH burden,
distinguishing pathological WMH accumulation from normal aging. These findings
highlight WMH as a critical marker for differentiating cognitive impairment types,
with irregular periventricular WMHs being particularly associated with cerebrovascular
pathology.

To explore the pathophysiological mechanisms linking WMH and VaD, Chen et al.
(2016) identified astrocyte dysfunction and BBB disruption as key contributors to post-
stroke cognitive impairment and VaD. Their clinicopathological study in stroke patients
with severe frontal WMH suggests that BBB dysfunction may exacerbate cognitive decline.
Additionally, WMHs in the periventricular white matter, hippocampus, and associative
cortical areas may disrupt neurotransmitter pathways, particularly cholinergic signaling,
further contributing to cognitive impairment (Chen et al., 2016; Kalheim et al., 2017).

Despite the robust findings, publication bias and methodological heterogeneity must be
considered when interpreting the pooled effect size for WMH volume differences between
VaD and AD. Funnel plot asymmetry, corroborated by Egger’s test, and the substantial
upward adjustment of the effect size following trim-and-fill analysis suggest that smaller
negative studies may be underrepresented in our meta-analysis. This potential selective
reporting could lead to an overestimation of the true effect size, warranting cautious
interpretation.

While WMHs serve as a valuable neuroimaging marker for VaD, they are not exclusive
to this condition. Given the overlap with other forms of dementia, additional biomarkers
are required to enhance diagnostic specificity. Future research should focus on: (1)
Developing predictive models—Integrating WMH volume, shape, and distribution with
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machine-learning algorithms could enhance early detection and risk assessment of VaD.
(2) Longitudinal studies—Tracking WMH progression over time could clarify its causal
role in VaD development and assess the impact of vascular risk factor management.
(3) Multi-center studies with standardized MRI protocols—Variability in imaging
techniques contributes to study heterogeneity. Standardized imaging and segmentation
methods could improve comparability across studies. (4) Exploring genetic and systemic
risk factors—Hypertension, diabetes, and chronic inflammation may accelerate WMH
accumulation. Investigating these factors could inform targeted interventions. (5)
Therapeutic implications—Given that WMHs may reflect cerebrovascular dysfunction,
treatment strategies targeting vascular health (e.g., antihypertensive therapy, and anti-
inflammatory interventions) should be explored for their potential to slow cognitive
decline.

This study has several limitations. First, most included studies were case-control
and single-center, which may limit the generalizability of our findings. Second, while
subgroup analyses could have provided further insights, we did not stratify by age, sex, or
ethnicity due to limited sample sizes. Third, the potential for publication bias, as studies
reporting no significant association between WMHs and VaD may be underrepresented.
Lastly, heterogeneity in MRI acquisition protocols, segmentation methods, and VaD
diagnostic criteria remains a challenge, underscoring the need for standardized research
methodologies. The intended audience for this article includes medical professionals
such as neurologists, geriatricians, and radiologists, as well as researchers in the fields of
neurology, vascular medicine, and geriatric health. Additionally, it is relevant to public
health policymakers and healthcare providers who are involved in the management and
prevention of dementia and related neurological conditions.

CONCLUSIONS

This study confirms that WMH volume is associated with VaD severity. Patients with
VaD exhibit significantly greater WMH than those with AD, NCI, and CIND, reinforcing
the role of cerebrovascular pathology in VaD. Beyond WMH volume, morphological
characteristics such as shape and distribution may further differentiate VaD from other
cognitive disorders. To enhance early diagnosis and intervention, future research should
prioritize standardizing imaging assessments, integrating multi-modal biomarkers, and
developing predictive models. These efforts could facilitate early detection, personalized
risk assessment, and targeted therapeutic strategies for VaD. The study’s findings on the
relationship between WMH and VaD can also be of interest to medical students and
trainees who are learning about neurodegenerative diseases.

Abbreviations

BBB Blood-brain barrier

CI Confidence interval

CSVD Cerebral small vessel disease
MRI Magnetic resonance imaging
VaD Vascular dementia
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WMH White matter hyperintensity

NCI non-cognitively impaired

CIND cognitively impaired no dementia
AD Alzheimer’s disease

DWMH deep white matter hyperintensities
MCI Mild cognitive impairment
ACKNOWLEDGEMENTS

We thank Medjaden Inc for their scientific editing of this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

The authors received no funding for this work.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Wei Luo performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Zhiqiang Dai performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

e Wenjing Wu performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

e Haitao Li performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Yang Zhang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The data are available at Figshare: Yang Zhang (2025) Raw data and RevMan analysis.
figshare. Dataset. https:/ffigshare.com/rticles/dataset/Raw_data_and_RevMan_analysis/
28638329.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.19460#supplemental-information.

Luo et al. (2025), PeerdJ, DOI 10.7717/peerj.19460 12/17


https://peerj.com
https://figshare.com/articles/dataset/Raw_data_and_RevMan_analysis/28638329
https://figshare.com/articles/dataset/Raw_data_and_RevMan_analysis/28638329
http://dx.doi.org/10.7717/peerj.19460#supplemental-information
http://dx.doi.org/10.7717/peerj.19460#supplemental-information
http://dx.doi.org/10.7717/peerj.19460

Peer

REFERENCES

Alber J, Alladi S, Bae HJ, Barton DA, Beckett LA, Bell JM, Berman SE, Biessels GJ, Black
SE, Bos I, Bowman GL, Brai E, Brickman AM, Callahan BL, Corriveau RA, Fossati
S, Gottesman RF, Gustafson DR, Hachinski V, Hayden KM, Helman AM, Hughes
TM, Isaacs JD, Jefferson AL, Johnson SC, Kapasi A, Kern S, Kwon JC, Kukolja J,
Lee A, Lockhart SN, Murray A, Osborn KE, Power MC, Price BR, Rhodius-Meester
HFM, Rondeau JA, Rosen AC, Rosene DL, Schneider JA, Scholtzova H, Shaaban
CE, Silva N, Snyder HM, Swardfager W, Troen AM, Van Veluw SJ, Vemuri P,
Wallin A, Wellington C, Wilcock DM, Xie SX, Hainsworth AH. 2019. White matter
hyperintensities in vascular contributions to cognitive impairment and dementia
(VCID): knowledge gaps and opportunities. Alzheimer’s & Dementia 5:107-117
DOI 10.1016/j.trci.2019.02.001.

Altamura C, Scrascia F, Quattrocchi CC, Errante Y, Gangemi E, Curcio G, Ursini F,
Silvestrini M, Maggio P, Beomonte Zobel B, Rossini PM, Pasqualetti P, Falsetti
L, Vernieri F. 2016. Regional MRI diffusion, white-matter hyperintensities, and
cognitive function in Alzheimer’s disease and vascular Dementia. Journal of Clinical
Neurology 12:201-208 DOI 10.3988/jcn.2016.12.2.201.

Barber R, Scheltens P, Gholkar A, Ballard C, McKeith I, Ince P, Perry R, O’Brien
J. 1999. White matter lesions on magnetic resonance imaging in dementia with
Lewy bodies, Alzheimer’s disease, vascular dementia, and normal aging. Journal of
Neurology, Neurosurgery and Psychiatry 67:66—72 DOI 10.1136/jnnp.67.1.66.

Bir SC, Kelley RE. 2022. Carotid atherosclerotic disease: a systematic review of pathogen-
esis and management. Brain Circulation 8:127-136 DOI 10.4103/bc.bc_36_22.

Bokde AL, Teipel S], Zebuhr Y, Leinsinger G, Gootjes L, Schwarz R, Buerger K, Schel-
tens P, Moeller HJ, Hampel H. 2002. A new rapid landmark-based regional MRI
segmentation method of the brain. Journal of the Neurological Sciences 194:35-40
DOI 10.1016/s0022-510x(01)00667-0.

Brainin M, Tuomilehto J, Heiss WD, Bornstein NM, Bath PM, Teuschl Y, Richard
E, Guekht A, Quinn T. 2015. Post-stroke cognitive decline: an update and
perspectives for clinical research. European Journal of Neurology 22:229-238
DOI10.1111/ene.12626.

Cao S, Zhang J, Chen C, Wang X, Ji Y, Nie J, Tian Y, Qiu B, Wei Q, Wang K. 2021.
Decline in executive function in patients with white matter hyperintensities from the
static and dynamic perspectives of amplitude of low-frequency fluctuations. Journal
of Neuroscience Research 99:2793-2803 DOI 10.1002/jnr.24956.

Chen A, Akinyemi RO, Hase Y, Firbank MJ, Ndung’u MN, Foster V, Craggs LJ,
Washida K, Okamoto Y, Thomas AJ, Polvikoski TM, Allan LM, Oakley AE,
O’Brien JT, Horsburgh K, Thara M, Kalaria RN. 2016. Frontal white matter
hyperintensities, clasmatodendrosis and gliovascular abnormalities in ageing and
post-stroke dementia. Brain 139:242-258 DOI 10.1093/brain/awv328.

Luo et al. (2025), PeerdJ, DOI 10.7717/peerj.19460 13/17


https://peerj.com
http://dx.doi.org/10.1016/j.trci.2019.02.001
http://dx.doi.org/10.3988/jcn.2016.12.2.201
http://dx.doi.org/10.1136/jnnp.67.1.66
http://dx.doi.org/10.4103/bc.bc_36_22
http://dx.doi.org/10.1016/s0022-510x(01)00667-0
http://dx.doi.org/10.1111/ene.12626
http://dx.doi.org/10.1002/jnr.24956
http://dx.doi.org/10.1093/brain/awv328
http://dx.doi.org/10.7717/peerj.19460

Peer

Chia RSL, Minta K, Wu LY, Salai KHT, Chai YL, Hilal S, Venketasubramanian N,
Chen CP, Chong JR, Lai MKP. 2024. Serum brevican as a biomarker of cere-
brovascular disease in an elderly cognitively impaired cohort. Biomolecules 14:75
DOI 10.3390/biom14010075.

Cohen RA, Paul RH, Ott BR, Moser DJ, Zawacki TM, Stone W, Gordon N. 2002. The
relationship of subcortical MRI hyperintensities and brain volume to cognitive
function in vascular dementia. Journal of the International Neuropsychological Society
8:743-752 DOI 10.1017/s1355617702860027.

Conijn MM, Kloppenborg RP, Algra A, Mali WP, Kappelle L], Vincken KL, Van der
Graaf Y, Geerlings MI. 2011. Cerebral small vessel disease and risk of death,
ischemic stroke, and cardiac complications in patients with atherosclerotic disease:
the second manifestations of arterial disease-magnetic resonance (SMART-MR)
study. Stroke 42:3105-3109 DOT 10.1161/strokeaha.110.594853.

Debette S, Markus HS. 2010. The clinical importance of white matter hyperintensities
on brain magnetic resonance imaging: systematic review and meta-analysis. Bmj
341:¢3666 DOI 10.1136/bmj.c3666.

Egger M, Davey Smith G, Schneider M, Minder C. 1997. Bias in meta-analysis detected
by a simple, graphical test. Bmj 315:629—-634 DOI 10.1136/bmj.315.7109.629.

Gootjes L, Teipel SJ, Zebuhr Y, Schwarz R, Leinsinger G, Scheltens P, Moller HJ,
Hampel H. 2004. Regional distribution of white matter hyperintensities in vascular
dementia. Alzheimer’s disease and healthy aging. Dementia and Geriatric Cognitive
Disorders 18:180-188 DOI 10.1159/000079199.

Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, Iadecola C, Launer
L), Laurent S, Lopez OL, Nyenhuis D, Petersen RC, Schneider JA, Tzourio C,
Arnett DK, Bennett DA, Chui HC, Higashida RT, Lindquist R, Nilsson PM,
Roman GG, Sellke FW, Seshadri S. 2011. Vascular contributions to cognitive
impairment and dementia: a statement for healthcare professionals from the
American Heart Association/american Stroke Association. Stroke 42:2672-2713
DOI 10.1161/STR.0b013e3182299496.

Gunning-Dixon FM, Raz N. 2000. The cognitive correlates of white matter abnor-
malities in normal aging: a quantitative review. Neuropsychology 14:224-232
DOI 10.1037//0894-4105.14.2.224.

Habes M, Erus G, Toledo JB, Zhang T, Bryan N, Launer L], Rosseel Y, Janowitz
D, Doshi J, Van der Auwera S, Von Sarnowski B, Hegenscheid K, Hosten N,
Homuth G, Vélzke H, Schminke U, Hoffmann W, Grabe HJ, Davatzikos C. 2016.
White matter hyperintensities and imaging patterns of brain ageing in the general
population. Brain 139:1164-1179 DOI 10.1093/brain/aww008.

Hainsworth AH, Markus HS, Schneider JA. 2024. Cerebral small vessel disease,
hypertension, and vascular contributions to cognitive impairment and Dementia.
Hpypertension 81:75-86 DOI 10.1161/hypertensionaha.123.19943.

Han JW, Lee H, Lee S, Kim H, Kim GE, Bae JB, Suh SW, Kim JH, Kim KW. 2021.
Association of the irregular 3-dimensional shape of white matter hyperintensities
with cognitive function. European Neurology 84:280-287 DOI 10.1159/000515836.

Luo et al. (2025), PeerdJ, DOI 10.7717/peerj.19460 14/17


https://peerj.com
http://dx.doi.org/10.3390/biom14010075
http://dx.doi.org/10.1017/s1355617702860027
http://dx.doi.org/10.1161/strokeaha.110.594853
http://dx.doi.org/10.1136/bmj.c3666
http://dx.doi.org/10.1136/bmj.315.7109.629
http://dx.doi.org/10.1159/000079199
http://dx.doi.org/10.1161/STR.0b013e3182299496
http://dx.doi.org/10.1037//0894-4105.14.2.224
http://dx.doi.org/10.1093/brain/aww008
http://dx.doi.org/10.1161/hypertensionaha.123.19943
http://dx.doi.org/10.1159/000515836
http://dx.doi.org/10.7717/peerj.19460

Peer

Hase Y, Horsburgh K, Thara M, Kalaria RN. 2018. White matter degeneration in
vascular and other ageing-related dementias. Journal of Neurochemistry 144:617—-633
DOI10.1111/jnc.14271.

Higgins J, Thomas J, Chandler J, Cumpston M, Li T, Page M, Welch V. 2021. Cochrane
handbook for systematic reviews of interventions version 6.2. The Cochrane
Collaboration. London: Cochrane. Available at www.training.cochrane.org/handbook.

Hu HY, Ou YN, Shen XN, Qu Y, Ma YH, Wang ZT, Dong Q, Tan L, Yu JT. 2021. White
matter hyperintensities and risks of cognitive impairment and dementia: a systematic
review and meta-analysis of 36 prospective studies. Neuroscience and Biobehavioral
Reviews 120:16-27 DOI 10.1016/j.neubiorev.2020.11.007.

Thara M, Yamamoto Y. 2016. Emerging evidence for pathogenesis of sporadic cerebral
small vessel disease. Stroke 47:554—-560 DOI 10.1161/strokeaha.115.009627.

JiF, Pasternak O, Liu S, Loke YM, Choo BL, Hilal S, Xu X, Ikram MK, Venketa-
subramanian N, Chen CL, Zhou J. 2017. Distinct white matter microstructural
abnormalities and extracellular water increases relate to cognitive impairment in
Alzheimer’s disease with and without cerebrovascular disease. Alzheimer’s Research
& Therapy 9:63 DOI 10.1186/s13195-017-0292-4.

Kalaria RN. 2012. Cerebrovascular disease and mechanisms of cognitive impairment:
evidence from clinicopathological studies in humans. Stroke 43:2526-2534
DOI 10.1161/strokeaha.112.655803.

Kalaria RN. 2018. The pathology and pathophysiology of vascular dementia. Neurophar-
macology 134:226-239 DOI 10.1016/j.neuropharm.2017.12.030.

Kalheim LF, Bjornerud A, Fladby T, Vegge K, Selnes P. 2017. White matter hyperinten-
sity microstructure in amyloid dysmetabolism. Journal of Cerebral Blood Flow and
Metabolism 37:356-365 DOI 10.1177/0271678x15627465.

Karch A, Manthey H, Ponto C, Hermann P, Heinemann U, Schmidt C, Zerr I.

2013. Investigating the association of ApoE genotypes with blood-brain barrier
dysfunction measured by cerebrospinal fluid-serum albumin ratio in a cohort of
patients with different types of dementia. PLOS ONE 8:e84405

DOI 10.1371/journal.pone.0084405.

Kloppenborg RP, Nederkoorn PJ, Geerlings MI, Van den Berg E. 2014. Presence
and progression of white matter hyperintensities and cognition: a meta-analysis.
Neurology 82:2127-2138 DOI 10.1212/wnl.0000000000000505.

Logue MW, Posner H, Green RC, Moline M, Cupples LA, Lunetta KL, Zou H, Hurt SW,
Farrer LA, Decarli C. 2011. Magnetic resonance imaging-measured atrophy and its
relationship to cognitive functioning in vascular dementia and Alzheimer’s disease
patients. Alzheimer’s & Dementia 7:493-500 DOI 10.1016/].jalz.2011.01.004.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, Shamseer
L, Tetzlaff JM, Akl EA, Brennan SE, Chou R, Glanville J, Grimshaw JM, Hrob-
jartsson A, Lalu MM, Li T, Loder EW, Mayo-Wilson E, McDonald S, McGuinness
LA, Stewart LA, Thomas J, Tricco AC, Welch VA, Whiting P, Moher D. 2021. The
PRISMA 2020 statement: an updated guideline for reporting systematic reviews. Bm1j
372:n71 DOI 10.1136/bmj.n71.

Luo et al. (2025), PeerdJ, DOI 10.7717/peerj.19460 15/17


https://peerj.com
http://dx.doi.org/10.1111/jnc.14271
www.training.cochrane.org/handbook
http://dx.doi.org/10.1016/j.neubiorev.2020.11.007
http://dx.doi.org/10.1161/strokeaha.115.009627
http://dx.doi.org/10.1186/s13195-017-0292-4
http://dx.doi.org/10.1161/strokeaha.112.655803
http://dx.doi.org/10.1016/j.neuropharm.2017.12.030
http://dx.doi.org/10.1177/0271678x15627465
http://dx.doi.org/10.1371/journal.pone.0084405
http://dx.doi.org/10.1212/wnl.0000000000000505
http://dx.doi.org/10.1016/j.jalz.2011.01.004
http://dx.doi.org/10.1136/bmj.n71
http://dx.doi.org/10.7717/peerj.19460

Peer

Pendlebury ST, Rothwell PM. 2019. Incidence and prevalence of dementia associated
with transient ischaemic attack and stroke: analysis of the population-based oxford
vascular study. Lancet Neurology 18:248-258 DOI 10.1016/s1474-4422(18)30442-3.

Purandare N, Oude Voshaar RC, McCollum C, Jackson A, Burns A. 2008. Paradoxical
embolisation and cerebral white matter lesions in dementia. British Journal of
Radiology 81:30-34 DOI 10.1259/bjr/90498392.

Robert C, Ling LH, Tan ESJ, Gyanwali B, Venketasubramanian N, Lim SL, Gong L,
Berboso JL, Richards AM, Chen C, Hilal S. 2022. Effects of carotid artery stiffness
on cerebral small-vessel disease and cognition. Journal of the American Heart
Association 11:¢027295 DOI 10.1161/jaha.122.027295.

Shahid S, Wali A, Iftikhar S, Shaukat S, Zikria S, Rasheed J, Asuroglu T. 2024. Compu-
tational imaging for rapid detection of grade-I cerebral small vessel disease (cSVD).
Heliyon 10:e37743 DOI 10.1016/j.heliyon.2024.e37743.

Silbert LC, Nelson C, Howieson DB, Moore MM, Kaye JA. 2008. Impact of white matter
hyperintensity volume progression on rate of cognitive and motor decline. Neurology
71:108-113 DOI 10.1212/01.wnl.0000316799.86917.37.

Sivakumar L, Riaz P, Kate M, Jeerakathil T, Beaulieu C, Buck B, Camicioli R, Butcher
K. 2017. White matter hyperintensity volume predicts persistent cognitive impair-
ment in transient ischemic attack and minor stroke. International Journal of Stroke
12:264-272 DOI 10.1177/1747493016676612.

Song Y, Quan M, Li T, Jia J. 2022. Serum homocysteine, vitamin B12, folate, and their
association with mild cognitive impairment and subtypes of Dementia. Journal of
Alzheimer’s Disease 90:681-691 DOI 10.3233/jad-220410.

Sperber C, Hakim A, Gallucci L, Arnold M, Umarova RM. 2024. Cerebral small
vessel disease and stroke: linked by stroke aetiology, but not stroke lesion
location or size. Journal of Stroke and Cerebrovascular Diseases 33:107589
DOI 10.1016/j.jstrokecerebrovasdis.2024.107589.

Staekenborg SS, De Waal H, Admiraal-Behloul F, Barkhof F, Reiber JH, Scheltens P,
Pijnenburg YA, Vrenken H, Van der Flier WM. 2010. Neurological signs in relation
to white matter hyperintensity volumes in memory clinic patients. Dementia and
Geriatric Cognitive Disorders 29:301-308 DOI 10.1159/000254791.

Tanabe JL, Ezekiel F, Jagust W], Reed BR, Norman D, Schuff N, Weiner MW, Chui
H, Fein G. 1999. Magnetization transfer ratio of white matter hyperintensities
in subcortical ischemic vascular dementia. American Journal of Neuroradiology
20:839-844.

Varma AR, Laitt R, Lloyd JJ, Carson K], Snowden JS, Neary D, Jackson A. 2002.
Diagnostic value of high signal abnormalities on T2 weighted MRI in the differen-
tiation of Alzheimer’s, frontotemporal and vascular dementias. Acta Neurologica
Scandinavica 105:355-364 DOIT 10.1034/j.1600-0404.2002.01147 .x.

Wahlund LO, Basun H, Almkvist O, Andersson-Lundman G, Julin P, SaifJ. 1994.
White matter hyperintensities in dementia: does it matter? Magnetic Resonance
Imaging 12:387-394 DOI 10.1016/0730-725x(94)92531-3.

Wardlaw JM, Chappell FM, Valdés Hernandez MDC, Makin SDJ, Staals J, Shuler K,
Thrippleton MJ, Armitage PA, Muiioz Maniega S, Heye AK, Sakka E, Dennis MS.

Luo et al. (2025), PeerdJ, DOI 10.7717/peerj.19460 16/17


https://peerj.com
http://dx.doi.org/10.1016/s1474-4422(18)30442-3
http://dx.doi.org/10.1259/bjr/90498392
http://dx.doi.org/10.1161/jaha.122.027295
http://dx.doi.org/10.1016/j.heliyon.2024.e37743
http://dx.doi.org/10.1212/01.wnl.0000316799.86917.37
http://dx.doi.org/10.1177/1747493016676612
http://dx.doi.org/10.3233/jad-220410
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2024.107589
http://dx.doi.org/10.1159/000254791
http://dx.doi.org/10.1034/j.1600-0404.2002.01147.x
http://dx.doi.org/10.1016/0730-725x(94)92531-3
http://dx.doi.org/10.7717/peerj.19460

Peer

2017. White matter hyperintensity reduction and outcomes after minor stroke.
Neurology 89:1003—1010 DOI 10.1212/wnl.0000000000004328.

Wardlaw JM, Smith C, Dichgans M. 2013. Mechanisms of sporadic cerebral small
vessel disease: insights from neuroimaging. Lancet Neurology 12:483-497
DOI10.1016/s1474-4422(13)70060-7.

Wardlaw JM, Smith C, Dichgans M. 2019. Small vessel disease: mechanisms and clinical
implications. Lancet Neurology 18:684—696 DOI 10.1016/s1474-4422(19)30079-1.

Ye H, Wang Y, Qiu J, Wu Q, Xu M, Wang J. 2018. White matter hyperintensities and
their subtypes in patients with carotid artery stenosis: a systematic review and meta-
analysis. BMJ Open 8:€020830 DOI 10.1136/bmjopen-2017-020830.

Luo et al. (2025), PeerdJ, DOI 10.7717/peerj.19460 1717


https://peerj.com
http://dx.doi.org/10.1212/wnl.0000000000004328
http://dx.doi.org/10.1016/s1474-4422(13)70060-7
http://dx.doi.org/10.1016/s1474-4422(19)30079-1
http://dx.doi.org/10.1136/bmjopen-2017-020830
http://dx.doi.org/10.7717/peerj.19460

